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ON THE GROUND TILT AND STRAIN CAUSED
BY THE CHILE TSUNAMI

by Yutaka TANAKA and Torao TANAKA
Synopsis

The peculiar oscillatory tiltings and strains of the Earth’s surface due to the
changes of the load of sea water in case of the Chile Tsunami on May 24, 1960 were
clearly observed with the tiltmeters and extensometers at five observatories situated
within 30 km distance from the nearest sea coast.

The complex mechanism of these ground tilts and strains was well explained from
the stand-point of Boussinesq’s theory.

Attempt was therefore done to obtain separately the values of 2 and g of the
upper crust by the method of combination of ‘‘tilt and strain equations’ based on
Boussinesq’s solution. The results are shown in Table 4.

Next, assuming the distribution of the load of Tsunami, the values of 5x10! c.g.s.
as the effective rigidity for the crust was obtained by the comparison of the observed

value with the theoretically expected one.
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Fig. 1 Location of observatories.
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Fig. 2 (a) Diagram of linear strain and tilt in N-S component due to the direction of
centre of point load, in the case of unit load and unit distance.
(b) Relation between amplitude ratio ¢gs/en-s and azimuth & of centre of load :
¢ are measured anticlockwisely from the east.

_3_



48

3. BHRAFCIIHOESN - MiRE®R

FRB R EPTE#E 4 5 (FH.35.0)

AR X 5 o tEA - RS ARG IR ooi, B0 1km DR B -5 kil
KEBRUAT, FRKILR S BERRT, FREWFERRT L, REEDEY S 20km O=ERCIMEILUAN, BLIUH

Table 1 Observation stations and Instruments.

R : Distance from the nearest sea coast.

Observatory Type of instrument Component |Sensitivity Mark
Tiltmeter _ "
Horizontal pendulum type E-(W) 0.023 05, ¢m
p S-(N) 0.016"" s, ¢s
Horizontal Extensometer _ .
Yura Bow-string type N-S 1.4%x10"% | En-s, en-s
R=300m ” E-W 1.1x10°8 Erx.-w, eg_w
” N60°W-S60°E 1.6x10"% | Enw
Vertical Extensometer _
Bow-string type 1.2x10% | Bz
Tiltmeter _
Horizontal pendulum type E-(W) 0.003" 05, 95
Oura ” S-(N) 0.003'" Ds, ¢s
R=700m Horizontal Extensometer _ _
Bow-string type N-8 0.21x10°® | En-5, en-s
” E-W 0.34x10"8 | Eg-w, ex-w
Shionomisaki | pijemeter wW-(E) 0.063" Ow
R=50m Horizontal pendulum type N-(S) 0.075"" On
Kishyd N57°W-(S57°E) | 0.031" [
”
R=20km | N33°E~(S33°W) | 0.025" Oz
Makimine N8°W-(S8°E) 0.009"" [N
"
R=30km N82°E-(S82°W) | 0.009"’ 0,
Tide-Station | Type of instrument Management
Yura Richard Disaster Prevention Research Institute, Kyoto Univ. ‘ Hy
Wakayama Fuess Wakayama District Meteorological Observatory ! Hw
i
Kainan Kelvin Geographical Survey Institute " Hx
Kushimoto Fuess Shionomisaki Meteorological Observatory 1 Hru
Owaseko Fuess Mie Prefecture ‘ Ho
Hosojima Kelvin Geographical Survey Institute [ Hg
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FBRULE OREIFTRGEEA Lico BR - KT A2REMEOHE R, R/ NS LERER
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Fig. 3 Oscillatory variations of ground tilt and ground strain observed at Yura observatory
and of water height at Yura tide-station due to the Chile Tshunami.
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Fig. 31X, B HErDREBVSLE LSV TBEDA X ABIEERR LD TH B, HE
BoKREMI, BEOHE 2T scale out Lz, KHHEREIN. BROBHI&2045T, F
BEOBRBOBROBME L, AMEOBBC LIV FERINCEIESHNEBLTCVW230LE 2 bh
Do MBI HFEEE S FEN 20 0 BHOBE R L Tk Y, BEILROHERRSRAHEE B L E
iU C\~T, Boussinesq DXL INB IS5, FM—HiIa LM - #HIC L TREA EFZEOE(L
BEZRLTw%0. Chc RLUBIERGEAF TR 45 F0BFER81L T, LAKELERTHBED
BEIRRHLL TV LEIR D, —HRERG OEMELR, ZoRVCBHO LEVW-AHOBENELY &
DOl ERRL, AEEBENASOEELYBESRCZI T B htibh b, £ THRMARHLL
L, BEOEMTREELEE LT, Fig. 4 OM<AHH 30 km ¥ T 5 oD 41F, #ilo 19, 2,
@D, W) AL HREMELZHE L Thte HHEIX

Table 2 CHEREE LTRTo —_ A
FAn U b & 5 CTENLE DR D1, T
HEBAOFHERELIC X 5 b ONRBLOKBS % 205 £

WA RTEENTHTE Bo LR DEFICHT 5 1%
Bk, BHNENAENIRERREL D, LFKEERD
B, KEHHZE 2 TZOEBHCAEORIN A -~ Lot
o kBbht, B TEGRE O, FEREER TR
FTTREATA>TE D, FRDORBITY A S L /e
bo ZOBENEORBEREOBIIEND 4 51T &
Do ZDZ EMLELRS OERBE A OB DY E !
HARELZT, BRAOIREL Y BVCEMEYRTC & HEE 8
TE Do RERS OB L TL, SEROATRE :
LHECERN BRI BEROMENERNTH Y, 4
RN EBEAOHEHOER VA2 b0 & LTHEEEIN .
BT THBo I RWHEMYMMRCILHEE,  R2OK b N
EEEHACERT Bo SRR LS L 1 5 T
4 Kg DIEEH Ks DREH DO fEIcETAH L E— KT Fig. 4 Yura observatory and its neig-
%o MLLIC X 0 EEOBREL(C & 5l RADER - BED hbouring sea regions divided for cal-
N culation of load.
FBBBITRCHBLBLLDTHS. Exw, Ez &0
CTRIREER > FETH 22, B EBCBEONHNFIEIC LS LD LWETE 5,
Table 2 Surface-loading factor of the neighbouring seas at Yura.
|

Sea region ’ Kn_s } Ke-w I K ' Kg

| a (head) -0.75 0.75 ; 035 | -111

A. (Yura-bay) | b (middle) :  —0.11 0.11 0.03 - | —o.12
L ¢ (mouth) -0 0.05 1 0.02 | —0.06

Total | —0.a 001 | —031 | -129

B. (South, West, <15km) |  —0.31 o om | —oa2 | -Le
C. (North, <15km) (ﬁ 0.2 | —032 | —0.49 | 0.8
D. (South, West, 15~30km) | 0 | 0 | 0.41  —0.41
E. (North, 15~30km) | 0.13 \ —0.13 | -0.26 | -0.15
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Fig. 5 Oscillatory variations of ground tilt and ground strain observed at Oura
observatory and of water height at Wakayama and Kainan tide-station
due to load of the Chile Tsunami.
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DO EDEZBHBETH 50 T FKEL HHERE - MR A S BEOWE A EELEA bE 2 Tz
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Fig. 6 Relation between amplitudes of strain Fig. 7 Oura observatory and its neigh-
variations at Cura and of Tsunami bouring sea regions divided for
waves in Wakayamako. calculation of load.

Talbe 3 Surface-loading factor of the neighbouring seas at Oura.

Sea region Kn-s Kg_w Ks 1 Kz
A. (Wakayama) 0.09 ©  —0.09 | -091 | —o0.81
B. (Kainan) 0.12 ' -—0.12 ! 1.91 1 —0.29
5~20 km -0.52 | 0.52 0.18 -0.96

(Open sea)
20~30 km ~0.10 0.10 0.12 —0.23
Total ~0.62 ] 0.62 | 0.30 | -1.19

ORI X B ELWROBM A LA Uic & ThE, BEBEAFCERT 53T ChD, SEEN
W DOARDOEE vector MOEENIZ DO HAXTTo LA CEEOBEIBEN I NI-EF vector 1143
FAbATER L o EEITITYERE L FHRILEE OB DR &Y R TH W BRI, FEKICOWTHis h Dfr
HERD O Z LIIEETE DY, ThEROBNMNIEN IR TV OT, HEODHNED L 5 icEDb
DTFOl N5 DILEEN Lo % ZC Boussinesq DRAMNKZDE LT, ICHEHROMML & AR
DIFEF} - MR LERFTRCE S L OTHBEL TR S &, MRS OBRE 2 BRI R TAZ D,
HAHIHEEN R 1/4 BB B EEL XL, 4, p=1x101 F{EE L TCEMNENES S -DITit, X
FEHETEIALY EF L O 58, REVKERBSWTTCREBNA TR D HED TN B EE LT X v BEH
Wi bE X TRBOIB CRERCEENELOLOTREVEBRIhS L, REEGCEPh - BEO
FAHA 45~50 7kt LT, ALAEZE 10 HXzERMO 1/4 E L, TR 50km Hij# & Z 2 s 20~
0 km KEWTTTREATAOTWADIIYERTHD, BEBLBRE RBEREH, KEOWELH 25
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km) OBEERIC i, FIRUBEORBAOEECH L, BEOEEHIFYE -1/2ETh52Enbd
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Bz Z&vELNE, ChiZFhbTXTERRTZDRERTH o TorEAH O ER T O
EARMKUEOEE LV AZVLEWI FHEARITHD LT, EOBRCH THEDHEYZIT T3
LRI RETH B0 LED X S5 2iERic o T, EBCE>LARBEOHAIERD CHEMETH Y INED
BRL DI, HOBREEERXRTHZ XD, Boussinesq ORX THEEAHATEHEELTI
iii) ARERART

TRBIRT OBA1E Fig. 8 (b) KRT X S KHEBEIAILAS V WEIC X 2 EAMNELOBBII—BEMT
HbHo WHEMWARKOEIE, Fig. 8 (b) O TRD L 5 CHEFAILHBERICERT 5, EWOHAOMH
fMAES, BENESRLTWT, BINCIIEEEY OBE OKEMT R, R - AL OEH» L
BHBEHMHE - KEDOIRIT S FCET. - ST AREBE IR TR HT, REFNIEERSEIT
—ABHBDHRT, REHHEOWALLE b b\, YATBAOERO BRI, BEORMZE -
PAHZE LD ARE VDD EE X Bhdo RACHEMOWMNE( L FEMELLYRELTh, TORBITRS
I —33T 230 D T, KPEOM FARNC, FECERTLEE LS IV EHADHEA L H 5o HEHEOWIIL
BEROIWR D BETIIARATEETH B A% HE Vector DFANL, RLIWVGIERETobbEREIEECH L 2 &4
%<, BEHPOBECK LEROEY bl OGLEOBEORE L LR AbR b,
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Fig. 8 (a) Oscillatory variations of ground tilt and water height due to the load of the
Chile Tsunami observed at Shionomisaki observatory and Kushimoto tide-station.
(b) Upper : Shionomisaki observatory and its surroundings.
Lower : Vector diagram of tilting motion caused by the tidal load.
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4. BOLBOREAFDHORDI 2, ¢

DEZERL ML, BREDVTIRERR, KEOBARKSTEEOS 2 BERRN P RETHZ L
2T, WBRAROENARIC L 2MEM - MiEOZ L%, Boussinesq DR IO THERATES Z &4
bhvofce T TRICHER - #FCBI+ 5 Boussinesq DX b, MBROBBMOBBER 2, p 208
LTRDTHD HBRAIBOBERBIE X OMETH 5 S ELELENT 2, ¢ P EHEENCT—HLE
A MBI order M/ b Z LI Lico WD N X BHFIIED TNV DO TER LI Do
i) HELEHEAGHSKRHS 2, 30hiE (KEHAR
(8) KW ET 3RS OEMZEL - MEEEIEV BRI EDTUTV 5 E, MHELBLALR
EORANT-HL TN BDT, AMEDCHEAEL LT, HLT3HOEM - MiEORML

vs/en-s=[(A+2p)/p)+(sin 6/cos 26)

REDTELIZLWEEL OB, HIFEEDMAES SLUAD S D% plot LD, Fig.9 Thbo
plot L7cmad, AMREMEELTCEUSMmT58RAR LR %D sin0/cos 20 DEDF H BECOWT
WERLOFAZC I AAINEERTVALDEMEIND, bLE DT, BESHOEE L AL
ORI X O RIET 5 R - SRS OBbicfifZ OB » L, RARCHERLH LT L SRA—AE
LWz S st T3 MENSLETH D (H 2 DB HOWTERIRD BITIL ¢s, en-s DEL LTRIM%
LBV, HEARKOEXRA, 0 ELTEDOROFMEHALXERTRETHB)F 4« DEIOVTID
FMIEZ T DT Fig. 9 ORABROAE XTI FHEPLOH B & &(sinb/cos20=—1)DELE LT
A+2p)/p=2.8 LELTH XN, HOLGHEHLELT ps/en-s & LTERDRTEL.2%LD, 6 L L
T, WS RDIBBOER Vector 725, FHEMHH N30°W (=115°) ZHVCTREETHE, Fig. 9
DOFRBUT Q+21)/p=3.0 ¥ FTo L éDb, =ZOHETIE, Boussinesq ORLNDEREXAVBHZ &
e, BIEHEZ TS,

A+2p)/p=3.0

RAERIBON D,
b) KR A+p DRMIDEERDTH Do BRSO IBEEL
LRI 02 £ A ETI LB OB S S Ems 0°
Fig. 6 O X 5 HEIRSABOR T Bo &b HFHOMEE LT 0 /
eg—;f =3.3x10-10 (em™1) I‘P.IB R -
£ Bo Lin LIBRELCABIERA S ORI £ 5% 0T T o
fe\ve & CHERY Fig. 7 IR LA 4, B IO C+D 0 34 ¢ S
iz, Table 3 OEESR T , YR
7
2+/t=jf‘-;g—£f—s(0.09+0.12 —g—:—o.sz-%f)--m- (6 Vs ° ‘ —
o WKDOEE g BEINEE 1Ens
Fig. 9 Relation between ampli
&L, Ha Hy, Hea 2T N FN ORI EIT 5BBEORMN (b5 tudes of linear strain and til-
VIR R T o L T B T I Hy & LTHIIKILEDERN ting in N-S direction caused
HLUOTHESE, Fig. 6 2> HEF1MHE en-s/Hw=3.3x10"1 % by the changes of Tsunami

load at Oura.

b, D Hea Co\WTit, BEOREIZGEY HAHE
ZLBEMYERL T Hea/Ha=—1/2 L ThEESTH B0 Hp
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OFETFNCBANT: X 5 i/ NEEEM O AN R DI WEE Hy=0, RARE L THEOM EFELW
B& Ho=Hr=Hw, Vicd &b 1>Hy/Ha>0 OEARICH B Z LIIHEETH 50

Tiebhb 2+ OEELTL 1.27%101>24+£>0.97 x 101
FRMEL LT 24p=112x101" #{B%, '

BLE (@), (b) OEERIL 2, p #RDBE,

2=0.49~0.64 X101} ¢.g.s. /t=0.49~0.64 %1011 c.g.s.
FRELLT 2=0.56 X 10" c.g.s.

7=0.56 10! c.g.s.

(e) PIEERIEL - MEEOFHORNYEL L TELALLDTHSKRICHITLERMUL 4, B, C+
D O 3K, BRI DRER Ve THRoi, HE 2 RO HEE 1RSSO 3RE2 AV TR

A42 1
or= %"T/Lm{AEHa+BEHb+(CE+DE)Hcd} """""""""""" (N
A+2p 1
0s= ii ;Fl/ m{AsHa+BsHb+(CS+DS)Hcd} ........................... (8)
1
EN-§g= Z’i )z+7[{AN-SHa+BN—sHb+(CA-—s+DN_s)Hm} ..................... (9

Z 2 As,Ds, Ar,Dr, An-s,;--Dy-g i3 Table 3 7 L& ROBEIL - RERS OEMET -
AL O fERE T A WERE (K) ¥RbT. He & LTHRLEE, Hy & L CHEOMMLEY Huvi
RBP4, p, Hea D3 2THD, 3REML L EDT A, ¢ LABEOMLERD D ENTE B0
RAMEEL LCREME AV AR 0, BB : Thictk 5 B & oM TFhritndo s LT,
B BRHHROEA - 44 - BN OB A A\ oo He & LTHIRILEOEY T 0¥ £ A TIUE

@A+2¢)/1r=5.3, 24+p=0.69x10"1 ¢c.g.s., H,a=—44cm
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Fig. 11 Oscillatory variations of ground tilt and water height due to the Chile Tsunami
observed at Makimine observatory and Hosojima tide-station (a), and at Kishyu

Observatory and Owase tide-station (b) : &, is resultant tilting in the direction
to ocean.
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Fig. 12 Relations between the wave length of Tsunami
and the theoretical amplitude ratio of tilting
motion in the direction to ocean vs. the Tsun-
ami-waves for various distances R.



Hrh - | F U HBEN X 5L MoERROHREL 59

Fig. 12 3—BI& LT p=5x10" c.g.s. 75+ ED L i3T5 ¢o/H ODBEREE~DHEREFEOB AT
DNWTCRLEDDTH B0 d, L, R DEMYEL T o/H DERELLEVHLEEE TR R=2km
DHEEIER Lo R=Gkm) BFHHEED R=0%F7To ZOREM - BoER B plot T3,
HABRIIEOEI 1000m & LTHE L, H D& LT, ThFrhREHORIMEEN DHEEL S
FEoRIME, MEOERAMOBEYEV-AbD (Fig. 11 (3) TARTET) ORkMiAVio & 4 OEIT
M R=20km #ig R=30km DOHMBRITLA F—FKT %, ch IV BHBEIMEELLT

p=5x101 ¢.g.s.

8%, BRERIELNIBOhSAEYRIMEDHELIELDITTTH B, R=20~30km OHFATIX
FOEIBLNRITVIDEEL bR B BONIMEX, EEBWATALLRDLATWD I IENHESET
DOEMAIER 6~7X101 c.g.s. KHNTHDTEYLMETH Do M EOHEOEEMLEAMNT BT,
FEMIW R BR H1000 km O EF %, DM - RIBOWEMG AR X HERBLD M Ky DRME, R
¥ -MBD M, K, DEMEDORYEREREATSE, ANTMBOERE FE/125/6 SLOMBIROD T
5THbDo E D plot INIAEMN p=5x10! c.g.5s. DN TRT ¢o/H D5/6 THBHENHZ LXK, &
DBEHFHRMRL LT 6xX101 c.gs. & bIUTBR ERFHRL, HROKERE-FHT %0

B FERBRFMOMAT ORELL, THEMLE 1 mm A 0.005 YT B, KBS CORERE 50km,
RIEBOBEREAIRN 1m &3HuE, Fig. 12 » LI 2EARIIHEE 100 km & LT3 0.0025'",
—HREBEOHEE»LE 2 5 &, HRROBEROBAOEHD 1 OFWETH 525, HFREL 0.001 Ll
TTHVEBLALHNTERC LS ZENZ ORI LHEETE bo

6. #& =

H EoERZEHTIUE, EREBEFVARIC X 3 MBEHOHE O & /r-> T/ Boussinesq DX
2, SEOBEFMEC X 3THMOEF - @GS LOBGCIEALE ALV IHBERRL, WBEND
1km DAOBEMOFHA T, WRROBMY LEFEHOTRC bbb T, E{LE#T Boussin-
esq OREXEEL LTHEH/BRERD L BR L FRBACKSV TEEKER IWEBAENR & 5
b, T km UNOFHEERL W 5E 4, p 2HHELCL S, HBHEANLBLATWIER
CHALMELXBDZ EHNTER b LEREELLFEI T, 1B LB LI SE L ORI b DR
WicEx RHTC LA TERIIRARD HSMELRET SO LEA 5. KHOHAE, FEROBMMEFER
BIL-MBAPNC & D7 OIE, 2 DRBET A, ¢ XRODBZENTETH D, FHIBEE T CTHEOH
frax#ETs L TED, BNISESHTERAEDKHEENBERL W5 L EL LR DY, BROXKS
BRI L, REEOBEOER Y HGIUE—BERENAIETEL5THD, Boussinesq DA
LTHRINHELBNEE OEBCOWTORBRML, BVl THEOHTEC X THEDLI D IEEND o
N - g onTit, AREOBRBOWELTREROT ¢ OEKR ¥ OBREFEIE D 51 TERVD,
YR AR BISD DITR DBV BN BRSO DRI ERY, WO TRYLELLTEIZENTE
Too #EFRIL Table 4 K% Lo BEOHARREROME Y EBRTEX HOIXKRE LTS TH 20 EHS)S
oW T X Y BERBRF 2T, COBBERESVOBEXETSHOT, B 2, ¢ IO
LLTHhBEMEEL DD, HHCRBCALA TV A TEECS > BHEYEL C—BHE LW 4, ¢ Off
BRD B, FRFREE LT, WEOFEMERL ERABEOREI I TOMMNL :EL, BROWE
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Table 4 Summary of 4-and sp-values.
4 : distance of the centre of load from the ovservation station.
Unit of 4, ¢ and 2+ : 101 ¢.g.s.
Station i—%z—ﬂ— l 2 # Asumption of water height
3.00 1.78 | 0.93 0.8 | uniform }
Yora 3.06 1.62 1 0.8 0.79 | mouth/head=1/2 - in Yura-bay
3.02  1.43 i 0.73  0.71 mouth=0
Oura 3.00 1.12 0.56 0.56 0<Hy<Hw in region B
4=5 km 8.17  0.85 0.46  0.39 | Hw<Ha<(3/2)Hw in region 4
Kishyu A 20~30 km 5.0 Load-distribution is calculated from
Makimine 4=30~40 km (A= wave form of Tsunami
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